To determine if functional residual capacity (FRC) 
SUMMARY

To determine if functional residual capacity (FRC), compliance of the respiratory system (C), or underlying pulmonary disease are predictive for the efficacy of high frequency jet ventilation (HFJV) on pulmonary gas exchange, we investigated six adult patients within 4 h of
Continuous positive pressure ventilation (CPPV) or high frequency jet ventilation (HFJV) improves oxygenation in patients with acute respiratory failure and low pulmonary compliance [1] . Similarly, HFJV has been applied successfully in the postoperative period as an alternative to CPPV to increase functional residual capacity (FRC) and to improve pulmonary gas exchange [2, 3] . However, the relation between the effects of HFJV on gas exchange and pre-existing respiratory mechanics has not been investigated. The aim of the present study was to compare the effects of HFJV on gas exchange in two groups of patients with differing pulmonary impairment, and thus to investigate if FRC and expiratory static compliance (C) measured during conventional ventilation had any predictive value for the efficacy of HFJV. [4] . The study was accepted by the committee for ethics in human research of our institution. AS patients gave informed consent to the study before surgery. All patients with ARDS received sedatives and opioids and therefore informed consent was obtained from the patient's closest relative or the referring physician.
Equipment
HFJV was delivered by an MK 800 respirator (Acutronic Medical Systems AG, Jona, Switzerland). Air and oxygen were supplied at a pressure of 4 bar, mixed with a blender and pulsed by an electronically-controlled solenoid valve through non-compliant tubing (120 cm long, 7 mm i.d.). This tubing was connected to a tracheal tube (Hi-Lo-Jet, NCC, Division Mallincrodt, Inc., Argyle, NY) with three separate lumens: the main lumen was used for IPPV, the first auxiliary lumen (1 mm i.d.) for tracheal pressure monitoring [1] , and the second auxiliary lumen (2 mm i.d.) as the "jet insufflation lumen" during HFJV. A bias flow of gas for entrainment was provided by a wide-bore tube connected to a respirator (CV 2000 Adult Veriflo) delivering 30 litre min" 1 of heated and humidified gas at the same inspied oxygen fraction (Fi Oj ) as for jet ventilation. Expiration was through an open Tpiece with or without a positive end-expiratory pressure (PEEP) valve. The driving pressure of the ventilator, inspiratory: expiratory time ratio, and ventilatory frequency were adjusted independently and kept constant for each study period.
Intermittent positive pressure ventilation (IPPV) was administered using a volumetric respirator (CV 2000 Adult Veriflo) connected to the main lumen of the Hi-Lo-Jet tracheal tube. In ARDS patients, 10 cm H 2 O PEEP was applied throughout the study using an Emerson valve and was maintained during the change of ventilator modes.
Respiratory and haemodynamic measurements
Airway pressure (Paw) was measured with a pressure transducer (Hewlett-Packard (HP) PM 5E + PM 15E) and recorded on a chart recorder (HP 7754 B) via a pressure amplifier (HP 880 5D). Mean Paw was calculated electronically. Ventilatory minute volume (VE) and flow were measured using a pneumotachograph (Godart type 17212) with a Fleisch No. 2 head placed in the expiratory limb of the bias flow tubing. Total C was measured from a multiple-step expiratory pressure-volume curve. The curve was recorded on an X-Y recorder (HP 7041 M) following three pulmonary insufflations to obtain a peak Paw of 50-60 cm H 2 O. At each 100-ml decrement volume, Paw was allowed to equilibrate for 3 s. C was calculated by dividing the difference in volume corresponding to FRC and FRC+12 ml /kg body weight by the corresponding difference in Paw on the expiratory limb of the pressurevolume loop.
FRC was measured using a computerized multiple-breath nitrogen washout method [5] . Predicted normal FRC values were taken from the tables of Bates [6] for patients in the upright position. As the patients were in the supine position, 80 % of this predicted FRC value was considered normal [6] . As the nitrogen washout method is not appropriate for measuring FRC during HFJV (the high flow delivered by the jet ventilator interferes with the precise measurement of nitrogen concentration), changes in respiratory volume relative to FRC determined with the nitrogen washout method were measured during both types of mechanical ventilation using two bellows pneumographs (Model 108, Pneumograph HP), detecting the change in rib cage and abdominal circumferences, respectively. One pneumograph was fixed around the rib cage at the nipple level, the other around the abdomen at the umbilical level. The bellows were connected to differential pressure transducers (HP PM 131 TC) by a semi-rigid polyethylene catheter (1.3 mm i.d.). The two signals and their sum were recorded on a chart recorder (HP 7754 B) as described previously [7, 8] . Calibration was performed during IPPV by adjustment of the pressure signals to achieve a sum signal (rib cage + abdomen) corresponding to the signal of the pneumotachograph as described by Rouby and colleagues [9] . This method cannot give absolute values of FRC, but only relative FRC changes relative to apnoeic FRC [9] . The following variables were derived from the calibrated pressure signals of the two pneumographs using an on-line data acquisition program of an Apple II microcomputer [7] : ventilatory frequency (/), effective (i.e. injected + entrained gas) tidal volume ( VT = sum of the contributions of the rib cage and the abdomen), VE (KTX/), rib cage contribution to tidal volume (FT,rc), relative changes in end-expiratory position of the sum of rib cage and abdomen excursions, assumed to correspond to changes in FRC.
Mean systemic arterial pressure (SAP) was measured through a radial arterial cannula connected to a transducer (1290 A HP) positioned at the midaxillary line. Cardiac output was measured in duplicate by thermodilution using a 7-French gauge triple lumen Swan-Ganz catheter and Edwards computer (type 9520 A).
Systemic arterial and mixed venous blood samples were drawn for measurement of P^o ,> ^co, and pH with standard electrodes (ABL 330, Radiometer, Copenhagen). Oxygen saturation of haemoglobin was measured with a Co-oximeter (model 182, Instrumentation Laboratories). Alveolar-arterial oxygen partial pressure difference (PA OJ -Pa^) and intrapulmonary venous admixture were calculated with standard formulae.
Procedure
Before the beginning of the study, the patients received morphine 0.1 mg kg" 1 and pancuronium 0.1 mgkg" 1 i.v. Data were collected during 30 min of HFJV at 100 and 200 b.p.m. applied randomly, separated by 30 min of IPPV. Patients were kept supine during the whole investigation.
Fi o was maintained constant during the study period (0.4 for AS patients, and 0.5 for ARDS). The effective VT delivered to the lungs during HFJV was measured using bellows pneumography and set at 4 ml/kg body weight by adjusting the driving pressure at both ventilatory frequencies for each subject group. In a preliminary study, we found that similar ARDS patients required this effective VT in order to maintain a stable Pa co < 6.7 kPa and arterial pH > 7.3.
The following variables were recorded continuously : mean and peak Paw, effective VT and VE, VT,TC and pulmonary volume relative to FRC recorded with the bellows pneumograph system. In addition, SAP and heart rate were monitored continuously. Cardiac output was determined before and at the end of each HFJV period, when arterial and mixed venous blood samples were also collected. FRC and C were determined before and immediately after both periods of HFJV. The reliability of ventilatory volume change determinations with bellows pneumographs was confirmed in six patients (four AS, two ARDS) 60 min after the second period of HFJV, by comparing FRC measured by the nitrogen washout method alone with FRC determined by adding the changes in pulmonary volume recorded by the pneumographs to initial values of FRC (table II) . Differences between methods did not exceed 80 ml.
Statistical analysis
The data (mean (SD)) of each group of patients were compared during the five periods of measurements with a one-way analysis of variance for repeated measurements, followed by a Bonferroni test if the F ratio resulted in a P value < 0.05. For each period of measurement, both groups of patients were compared using a twotailed unpaired Student's t test. P < 0.05 was considered significant.
RESULTS
Respiratory variables measured during IPPV differed markedly between the two groups of patients (table III, fig. 1 ). In patients with ARDS, FRC was significantly less than in AS patients (921 (409) ml vs 2106 (539) ml; P < 0.001). Mean and peak Paw measured during IPPV were significantly (P < 0.001) greater in ARDS than in AS patients, associated with a reduced expiratory Application of HFJV with the same effective VE of 400 ml kg" 1 to AS and ARDS patients at both ventilation frequencies induced consistently different responses in gas exchange in the two groups of patients.
In AS patients HFJV produced an immediate and significant two-fold increase in mean Paw (4 (1) to 9 (3) cm H 2 O at both frequencies; P < 0.001) without change in peak Paw. This was associated with a 25 % increase in FRC (P < 0.001), a decrease in Pa^, (P < 0.01) and in FT,rc (P < 0.002). These changes in respiratory variables were observed during both HFJV periods. Pa Oj , (PA Ot -Pa Ol ): -Flo, ratio, and intrapulmonary venous admixture were unchanged by HFJV (table III, fig. 1 ). HFJV 100 and HFJV 200 did not induce any significant differences in any measured variables other than FT, including haemodynamic data (table IV) . During the second (IPPV 2 ) and the third (IPPV 3 ) periods of IPPV, respiratory variables recovered to initial baseline values. Application of HFJV in ARDS patients produced an immediate and significant decrease in both mean and peak Paw, associated with a reduced Pa^, an increase in venous admixture (P < 0.05), but no change in FRC, Pa COl , or FT ,TC  (table III, fig. 1 ). As in AS patients, diese changes in respiratory variables were observed also throughout both HFJV periods, and respiratory variables recovered to initial baseline values during IPPV, and IPPV 3 .
To investigate further the different responses in gas exchange in AS and ARDS patients, individual changes in the ( fig. 2) . Similarly, pulmonary clearance of carbon dioxide during HFJV was strongly dependent upon the patient group rather than upon initial FRC ( fig. 2 ). Both frequencies of HFJV reduced Pa COj and increased FRC in every AS patient. In contrast, application of HFJV in ARDS patients did not consistently modify Pa^ or FRC. In both groups of patients SAP, heart rate and cardiac output remained stable during the whole investigation (table IV) .
DISCUSSION
The results of the present study suggest that FRC measured during IPPV does not predict pulmonary gas exchange during HFJV. In contrast, respiratory compliance assessed during IPPV appears to be an important variable to determine gas exchange during HFJV, as efficacy of HFJV on blood oxygenation and pulmonary elimination of carbon dioxide correlates significantly with respiratory compliance.
Accuracy of the procedure for the calibration of bellows pneumographs has been demonstrated by Rouby and colleagues [9] . In paralysed patients, rib cage and abdomen had the same contribution to FT; therefore, their ventilatory system can be considered as an open system having a single independent variable [9] . Consequently, changes in pulmonary volumes can be derived independently from changes in both rib cage or abdominal circumference. These authors used belts connected to differential linear transducers with a frequency response of 60 Hz. The pneumograph system used in our study has a linear frequency response up to 10 Hz [7] that is, three times higher than the highest HFJV frequency used in this study.
We did not measure the contribution of injected, entrained and spilt volumes to FT. Using thoracic girth tranducers, Rouby and colleagues reported that, during HFJV at ventilatory frequencies of 100-600 b.p.m. gas entrainment is at least equal to the injected volume [9] . However, using a new technique which calculates tidal, entrained and spilt volumes by measuring changes in gas flow in the expiration limb of the bias flow tubing of an HFJV circuit, Young recently demonstrated that the entrained volume is only 10 % of FT at both frequencies of ventilation used in the present study [10] . Inspiratory: expiratory time ratio was set at 0.43 for both groups of patients during both HFJV sessions, as suggested as optimal by Rouby [9] .
Ventilatory mechanics assessed during IPPV differed markedly in the two groups studied. In AS patients, baseline FRC was only 82 (22)% of the predicted normal value in the supine position, most probably decreased by the effect of anaesthesia and surgery [11] . Baseline Pa Of was 12.4 (1.1) kPa with an Fi o of 0.4, associated with a significant increase in (PA OI -Pa Ot )
: ^o, ra "o and venous admixture, whereas C and Pa COj were in the normal range. As expected, C and FRC of ARDS patients were markedly decreased. In addition, these patients required an almost twofold greater VE than the AS group to maintain a normal Pa COi . Arterial oxygenation of ARDS patients was significantly less, despite a greater Flo,-
In this study we deliberately applied the same effective VE during HFJV to two groups of patients with differing ventilatory mechanics and probably differing carbon dioxide production and oxygen consumption. However, the relation between the efficacy of HFJV on pulmonary clearance of carbon dioxide and effective VE and mean Paw markedly differed in both groups of patients. In the AS group, the increased pulmonary clearance of carbon dioxide during HFJV was related, as during IPPV, to the increment in effective VE and mean Paw. This is in accordance with results of other human studies using HFJV frequencies up to 200 b.p.m. [9, 12, 13] . This relationship suggests that a convective or axial flow transport mechanism, rather than an augmented dispersion, plays a major role in gas transport during HFJV at these frequencies of ventilation [14, 15] . However, dissociation between pulmonary clearance of carbon dioxide and lung volume or mean Paw has been reported with higher frequencies [9] , increased expiratory pressure resulting from short expiratory times [16, 17] , or increased airway resistance [18] . This dissociation between pulmonary clearance of carbon dioxide and lung volume or mean Paw on alveolar ventilation can be explained by the expansion of the bronchial tree, resulting in an increase in anatomical deadspace [19] .
HFJV produced better elimination of carbon dioxide in ARDS patients dian in AS patients. Indeed, we did not observe a significant decrease in pulmonary clearance of carbon dioxide during HFJV, despite a decreased mean Paw. These findings are in accordance with the results of Hurst, Branson and DeHaven who did not observe a relationship between improvement in clearance of carbon dioxide and increase in mean Paw during application of HFJV in ARDS patients [20] . Bulk convection alone cannot explain the absence of this relationship. Other gas BRITISH JOURNAL OF ANAESTHESIA transport theories such as the "Pendelluft" effect should be sought, as it may explain the more homogeneous peripheral lung gas concentrations observed during high frequency oscillation than during IPPV in patients with lung regions with significant time constant inequalities [17, 21, 22] .
The relation between the efficacy of HFJV on blood oxygenation and mean Paw differed in both groups. The two groups of patients probably had differing distributions of ventilation-perfusion ( FA : Q) ratios. After operation, AS patients with a normal preoperative lung function had a decrease in Pa Oi associated with an increased (PA OJ -Pa^): Fi Ot ratio, caused possibly by lung regions with low VA:Q ratios [23] . ARDS patients may have considerable volumes of lung with FA : Q = 0, or true shunt [24] . Arterial oxygenation in patients with ARDS depends on alveolar recruitment obtained by using a sufficiently great Paw to open alveoli and prevent them from collapsing during expiration [25] . This may explain why the HFJVinduced decrease in mean Paw in the ARDS group was associated with a worsening in Pa^ and venous admixture whereas, in AS patients, no relationship was found between mean Paw and blood oxygenation. Thus the reasons why the effect of HFJV on pulmonary gas exchange is related primarily to the patient's underlying disease and not to FRC are explained by the fact that the pathophysiological mechanisms reducing FRC are different in both groups of patients studied: in ARDS patients, the decreased FRC is caused by loss of endothelial cell integrity associated widi non-cardiogenic pulmonary oedema whereas, in patients recovering from major surgery, the reduced FRC is produced by microatelectasis and poorly ventilated lung regions.
In contrast to FRC, expiratory compliance assessed during IPPV correlated well with efficacy of HFJV on pulmonary gas exchange in the groups of patients studied. All ventilatory pressure-volume curves were linear for the segment studied. In particular, no ARDS patients had a compliance curve with an inflection point, as has been described in the early stages of the disease [26] . It has been reported that HFJV has effects similar to those of conventional ventilation on lung morphology, pressure-volume curves and surface tension [27] . It must be concluded that lung stability and compliance are not affected differently during IPPV and HFJV. In the present study, application of HFJV increased alveolar ventilation more in patients with a better C, resulting in enhanced pulmonary clearance of carbon dioxide. Both frequencies of ventilation produced a similar effect, as demonstrated by similar slopes of the relationship between changes in Pa^O i and C. As pulmonary clearance of carbon dioxide depends on bulk convection by direct alveolar ventilation with both ventilatory modes used in the present study, in addition to FE, clearance of carbon dioxide is mainly a function of C [28] . As previously demonstrated [9, 29, 30] , HFJV induces a PEEP effect which depends both on ventilatory settings and on C. At fixed ventilatory settings, the importance of the HFJ Vinduced PEEP effect is related to the C of the total ventilatory system [9] . In the presence of "stiff" lungs, which tend to decrease the time constant of the total system, the HFJV-induced PEEP effect is less than in patients with normal lungs [9] . Therefore, a greater change in blood oxygenation may be observed in patients with a better C, related to more effective gas distribution and gas mixing [28, 31] . This relationship was observed also in our study, as patients with the best C most decreased their (.PA OI -Pa^: FI OJ ratio during HFJV at both ventilatory frequencies.
Application of HFJV decreased significantly the contribution of rib cage to tidal volume at both frequencies of ventilation in AS, but not in ARDS, patients. This decrease in Fr,rc was inversely related to FT values. We have not found any other study on HFJV which has examined this problem in man. Using inductance plethysmography in rabbits during ventilation by high frequency oscillations, Boynton and colleagues reported that the magnitude of abdominal to rib cage displacements increased with the frequency of oscillations to a maximum near 6 Hz, but thereafter diminished rapidly [32] . Moreover, abdominal relative to rib cage displacements decreased with increasing FT [32] . Similarly, Alleyne, Frantz and Fredberg, studying excised dog lungs ventilated with frequencies similar to those used in our patients, observed that distension of the lung base was favoured [14] . Decrease in Fr,rc during application of high frequency ventilation in these studies, as in our own, may be explained by the preference for the high velocity inspiratory gas stream to follow relatively straight airway paths [33] . This preferential axial flow to the base of the lungs was not observed in our ARDS patients. This could be related to the distribution of lung lesions in ARDS, which are typically more severe in dependent regions of both lungs [34] .
In conclusion, the comparison of patients investigated after abdominal surgery and patients with severe ARDS suggests that FRC alone measured during IPPV can not predict the changes in gas exchange produced by HFJV. In contrast, the efficacy of HFJV on pulmonary gas exchange depends upon the underlying disease. Arterial oxygenation and clearance of carbon dioxide are improved more (or impaired less) in patients with better compliance. These results have to be interpreted in the context of the different underlying pathophysiological mechanisms reducing FRC in both groups of patients studied.
